Introduction {#s0005}
============

Colorectal cancer is one of the most common cancers in both men and women. About 140,000 new cases of colorectal cancer are expected in the USA and it remains the third leading cause of death from cancer in 2014 [@bb0005]. Although the 5-year mortality rate of colon cancer has slightly declined in recent decades, there is still a pressing need to identify new prognostic factors and potential therapeutic targets for this disease [@bb0010], [@bb0015].

*LncRNAs*, with length \>200 nucleotides, have been considered as a new kind of gene expression regulator in recent years [@bb0020], [@bb0025]. *LncRNA* H19, firstly reported in 1991 by Bartolomei, is considered to play a critical role in the progression of multiple types of cancer [@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050]. H19 overexpression has been reported to be related with a poor prognosis in both bladder and gastric cancer [@bb0055], [@bb0060]. However, the mechanism underlying the tumorigenic role of H19 in the development of colon cancer remains to be illustrated.

Vitamin D receptor (VDR) signaling has been reported to be able to attenuate the initiation and development of multiple types of cancer including colorectal cancer [@bb0065]. VDR signaling was able to attenuate the proliferation and migration of colon cancer cells *via* multiple mechanisms including inhibiting Wnt/β-catenin pathway [@bb0070]. However, colon cancer cells at advanced stage often showed less sensitive or even resistant to the treatment of 1,25(OH)2D3 (the most active form of vitamin D in the human body) and its analogs [@bb0075], [@bb0080]. Investigating the mechanisms underlying the development of resistance to VDR signaling and restoring the effects of 1,25(OH)2D3 remains a promising method for seeking new therapeutic targets for colon cancer [@bb0085].

Recently, lnc RNA profiling of VDR−/− mice showed that H19 might be involved in the role of VDR signaling in the development of epidermal diseases [@bb0090]. Actually, H19 has been reported to be a regulator of multiple signaling pathways by regulating the expression of vital proteins including RB, Cbl-b, RUNX and so on, through *miR-675-5p*, which is transcribed from the first exon of H19 [@bb0095], [@bb0100], [@bb0105]. Considering the pivotal role of H19 and VDR signaling in the development of multiple types of cancer including colon cancer, we set out to investigate the potential correlation and the underlying mechanism between H19 and VDR signaling and the role of this correlation in the pathogenesis of colon cancer.

The effect of VDR signaling on the expression of H19 was investigated by treating colon cancer cells with increasing doses of 1,25(OH)2D3. The mechanism underlying the effect of 1,25(OH)2D3 was investigated by western-blotting, EMSA and ChiP assays. The correlation between the expression of H19 and VDR was further validated in colon cancer tissues and paired adjacent normal tissues collected from 24 colon cancer patients and 6 colon cancer cell lines. The effect of H19 overexpression on the expression level of VDR was investigated by Western-blotting and real-time PCR utilizing a H19 expressing plasmid. The role of the correlation between H19 and VDR signaling in the pathogenesis of colon cancer cells was then investigated by testing the sensitivity of colon cancer cells to the treatment of 1,25(OH)2D3 with or without H19 overexpression both *in vitro* and *in vivo*. The results suggested that H19 expression was inversely correlated with the expression of VDR in colon cancer tissues and colon cancer cell lines. VDR signaling was able to down-regulate the expression of H19 by inhibiting the C-Myc/Mad-1 network. H19, however, was able to down-regulate the expression of VDR by transcribing *miR-675-5p.* Colon cancer cells overexpressing H19 showed resistance to the treatment of 1,25(OH)2D3 both *in* *vitro* and *in vivo*, indicating the pivotal role of H19 in the development of resistance to vitamin D treatment in advanced colon cancer cells.

Taken together, these results suggest that H19 overexpression might be one of the mechanisms underlying the development of resistance to vitamin D treatment in advanced colon cancer cells and this may provide potential therapeutic targets for the treatment of colon cancer.

Materials and Methods {#s0010}
=====================

Patients and Samples {#s0015}
--------------------

Between September 2010 and April 2013, 24 patients with colon cancer who underwent surgeries at Peking University First Hospital were included in this study. This study was approved by the institutional review board at Peking University First Hospital and conducted in accordance with the principles of the Declaration of Helsinki. After informed consent had been obtained, samples of colon cancer tissues and paired adjacent normal tissues were collected immediately after resection and stored in a −80°C environment until further analysis.

Cell Culture {#s0020}
------------

HT-29 and DLD-1 cells were purchased from ATCC (American Type Culture Collection, USA) and maintained at 37°C in a culture medium composed of Dulbecco\'s modified Eagle\'s medium (DMEM) with 4.5 mg/ml glucose, 50 U/ml penicillin, 50 U/ml streptomycin, 25 mmol/l HEPES, and 10% fetal bovine serum (FBS) as previously described. 1,25(OH)2D3 (Sigma Aldrich, USA) diluted with ethanol was added every 24 h and equal quantities of ethanol were used as control.

Quantitative Real-Time PCR for Detection of H19 and VDR {#s0025}
-------------------------------------------------------

Total RNA was extracted using the TRIzol one-step extraction method (TRIzol reagent; Invitrogen, USA) and reverse transcribed into cDNA using kit (Thermo Fisher, USA) according to the manufacturer\'s recommendations. Quantitative Real-time PCR analysis was performed in a 25 μl final reaction volume using the TaqMan® Universal PCR Master Mix (Applied Biosystems, USA) according to the manufacturer\'s recommendations. All reactions were run in triplicate with 7500 real-time PCR System (Applied Biosystems, USA). RNA relative expression was calculated as fold change using the comparative threshold cycle (CT) method (2^−ΔΔCT^) with GAPDH serving as the internal control gene. The primers and probes are listed 5′-3′ as follows: GAPDH: F, CAG TCA GCC GCA TCT TCT TTT; R, GTG ACC AGG CGC CCA ATA C; GAPDH probe: TAMRA-CGT CGC CAG CCG AGC CAC A-BHQ2; H19: F, AAT CGG CTC TGG AAG GTG AA; R, CTG CTG TTC CGA TGG TGT CTT; H19 probe, TAMRA-CTA GAG GAA CCA GAC CTC ATC AGC CCA AC-BHQ1; VDR: F, GGA GGC CTT GAA GGA CAG TCT; R, CTC CAC CAT CAT TCA CAC GAA; VDR probe: TAMRA-TAC TCC GAC TTC TGC CAG TTC CGG C-BHQ2.

Quantitative Real-Time PCR for Detection of *miR-675-5p* {#s0030}
--------------------------------------------------------

MicroRNA was extracted using the miRNeasy Mini Kit (Qiagen, German) and reverse transcribed into cDNA using the kit (QuantiMir™ RT Kit, USA) according to the manufacturer\'s recommendations. Real-time PCR analysis was performed in a 25 μl final reaction volume using the TaqMan® Universal PCR Master Mix (Applied Biosystems, USA) according to the manufacturer\'s recommendations. All reactions were run in triplicate with 7500 real-time PCR System (Applied Biosystems, USA). RNA relative expression was calculated as fold change using the comparative threshold cycle (CT) method (2^−ΔΔCT^) with U6 serving as the internal control gene. The primers and probes are listed 5′-3′ as follows: *miR-675-5p*: F, ATG CTG TGG TGC GGA GAG G; R, TAT GGT TGT TCA CGA CTC CTT CAC; *miR-675-5P* probe: TAMRA-GTG TCA CCA GAC ATA CCA ACC TAT CCC-BHQ1; U6: F, ATT GGA ACG ATA CAG AGA AGATT; R, GGA ACG CTT CAC GAA TTT G; probe: TAMARA-TGC GCA AGG ATG ACA CGC A-BHQ1.

Western Blot Assay {#s0035}
------------------

Total protein was extracted using the method described previously with little modifications [@bb0110]. Nuclear protein was extracted using NucBuster™ protein extraction kit (Novagen, German) following the manufacturer\'s recommendations. The concentrations of protein were determined using BCA kit (ThermoFisher, USA). Then, the extracts containing equal quantities of protein (30 μg) were electrophoresed in 6% or 10% polyacrylamide gel. Subsequently, the separated proteins were transferred onto a PVDF membrane. The membrane was then blocked for 1 h (5% bovine serum albumin (BSA) in TBS-Tween 20 buffer) at room temperature and then incubated overnight at 4°C with rabbit anti-VDR monoclonal antibody (1:1000 dilution, Abcam, USA), rabbit anti-Mad-1 monoclonal antibody (1:100 dilution, Santa Cruz), rabbit anti-C-Myc monoclonal antibody (1:1000 dilution, CST, USA), rabbit anti-Histone H3 monoclonal antibody (1:1000 dilution, Abcam, USA) and rabbit anti-GAPDH monoclonal antibody (1:1000 dilution, CST, USA). The membranes were subsequently incubated at room temperature for 1 h with corresponding secondary antibodies (1:10,000 dilution, CST, USA) and blots were developed with ECL detection reagents (Millipore, USA). Images were collected utilizing Syngene GeneGenius gel imaging system (Syngene, UK) following the manufacturer\'s instructions.

Electrophoretic Mobility Shift Assay (EMSA) {#s0040}
-------------------------------------------

Nuclear protein extracts were prepared using the NucBuster™ protein extraction kit (Novagen, German) following the manufacturer\'s recommendations. Briefly, 10^6^ cells were washed with PBS and re-suspended in cytoplasmic extraction reagent and centrifuged for 5 min at 16,000×*g*. The supernatant (cytosolic extract) was removed and the pellet re-suspended in nuclear extraction reagent. Nuclear extracts were obtained by centrifugation at 16,000×*g* for 10 min. The nuclear protein extracts were kept frozen at −80°C at a concentration of 1 mg/ml until used. DNA-protein binding assays were carried out by DIG Gel Shift Kit, 2nd Generation (Roche, Germany). Double stranded complementary oligonucleotides containing the C-Myc binding sites were synthesized and end-labeled with DIG: 5′-CGA GCG CAG TGG CGC ATG GCT GTA ATC CCA-3′. Binding reactions were carried out at room temperature in binding buffer using 30 fmol DIG end-labeled target DNA and 5 mg of nuclear extract. Competition assays were performed by adding 125-fold excess of unlabeled probe before the labeled probe. Assays were electrophoresed onto native 8% polyacrylamide gels and transferred onto a positively charged nylon membrane. Transferred DNAs were cross-linked to the membrane at 1200 × 100 μJ/cm^2^ and detected using anti-digoxigenin-AP and the chemiluminescent substrate CSPD.

Chromatin Immunoprecipitation (ChiP) Assays {#s0045}
-------------------------------------------

ChiP assays were performed using Pierce™ Magnetic ChiP Kit (ThermoFisher, USA) following the manufacturer\'s recommendations. The antibodies used were listed as follows: rabbit anti-C-Myc monoclonal antibody (CST, USA), rabbit anti-Mad-1 monoclonal antibody (Santa Cruz, USA) and mouse anti-VDR monoclonal antibody (Santa Cruz, USA). Real-time PCR was performed using human genomic DNA as the standard and normalizing the specific antibody signal to the input signal as described previously. The primers designed according to the sequence of the promoter of H19 containing the E-box used for real-time PCR are listed 5′-3′as follows: F, CCC ACA TGC CAC GGA ATC; R, TCC TCT CAT CTC CCC AAC CTT.

Transfection of DNA Constructs and/or RNA Oligonucleotides {#s0050}
----------------------------------------------------------

Transfection was performed with Lipofectamine 3000 (Life Invitrogen, USA) following the manufacturer\'s instructions. Cells were cultured on 12-well plates (Corning, USA). 1 μg of DNA construct (H19 or empty vector, GenePharma, China) and/or 20 pmol RNA oligonucleotides (*miR-675-5p* mimics or inhibitors, GenePharma, China) or 1.5 μl Lipofectamine 3000 were pre-incubated in 25 μl of Opti-MEM, respectively. Then, two solutions were mixed and incubated for 5 min at room temperature and the mixture was added to each well. After incubation for 3 h at 37°C, 1 ml of DMEM containing 10% FBS and no antibiotics was added to each well. Subsequently, media were replaced with normal growth media 24 h after transfection. The sequences of the micro RNA mimics, inhibitors and their corresponding negative controls are listed as follows: *miR-675-5p* mimics: 5′-UGGUG CGGAGAGGGCCCACAGUG-3′; the negative control for *miR-675-5p* mimics: 5′-UUCUCCGAACGUGUCACGU-3′; *miR-75-5p* inhibitors: 5′-CAC UGU GGG CCC UCU CCG CAC *CA*-3′; the negative control for *miR-675-5p* inhibitors: 5′-CAG UAC UUU UGU GUA GUA CAA-3′. The total protein was collected 72 h after transfection using the method as described above.

Luciferase Activity Assay {#s0055}
-------------------------

The part of VDR 3′-UTR containing the putative binding site and the 5′ and 3′ flanking sequence was amplified by a pair of primers (F: 5′-GAC GTT CTA GAT GAG TCA TGA TCT CCC TGC C-3′, R: 5′-GAC GTT CTA GAT ACC CTA CAT CAC GGA ACC C-3′) and subcloned into pGL3-control vector (Promega, USA) immediately downstream of the luciferase gene to form the pGL3-VDR-3′-UTR construct. Point mutations in seed sequence were generated by PCR to form the pGL3-VDR-3′-UTR-MUT construct. 1 × 10^5^ cells were plated in 24-well plates for 24 h. 0.4 μg of pGL3 constructs plus 0.07 μg of pRL-CMV plasmid-expressing renilla luciferase (Promega) were transfected in combination with 60 pmol of either a negative control RNA oligonucleotide or *miR-675* mimics/inhibitors (GenePharma, Shanghai, China) using Lipofectamine 3000 (Invitrogen). After 48 h, luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega, USA). Firefly luciferase activity was normalized to renilla luciferase activity for each transfected well. The results were obtained from three independent experiments and each one was performed in triplicate.

Generation of Stable Cell Lines {#s0060}
-------------------------------

To establish cells stably overexpressing H19, HT-29 and DLD-1 cells were transfected with pcDNA 3.1 (+)-H19 (GenePharma, China) or pcDNA 3.1(+) empty vector (GenePharma, China) as control using Lipofectamine 3000 and cells were allowed to recover for 48 h. Cell were then incubated with medium containing G418 (Sigma Aldrich, USA) (1.8 mg/ml for HT-29 and 1 mg/ml for DLD-1) for at least 4 weeks. The expression level of H19 of clones obtained were investigated and the clones with highest expression level of H19 were used in the studies both *in vitro* and *in vivo*.

MTT Proliferation Assays {#s0065}
------------------------

A total of 1000 cells stably expressing H19 or empty vector (mock) were seeded in each well of a 96-well plate and 100 nM 1,25(OH)2D3 was added every 24 h. After 5 days, the cells were incubated in 50 μl of 0.1 mg/ml solution of 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, USA) at 37°C for 4 h and then lysed in 150 μl of dimethyl sulfoxide (DMSO) at room temperature for 30 min. The absorbance in each well was measured at 580 nm with Synergy H2 microplate reader (Bio Tek Instruments, USA). Experiments were performed in triplicates and repeated at least three times.

Migration Assays {#s0070}
----------------

Cell migration assays were assessed with transwell chambers (8.0 μm pore size, Corning, USA). Briefly, 5 × 10^4^ cells stably expressing H19 or empty vector in 200 μl DMEM medium without serum were added in the upper chamber, while 600 μl DMEM medium with 20% FBS was placed in the bottom of wells. 1,25(OH)2D3, at 100 nM, was added to the basolateral parts of the transwell system every 24 h and the plates were incubated in 5% CO~2~ atmosphere at 37°C for 48 h. The cells that migrated to the opposite side of the membrane were fixed and stained with hematoxylin and eosin and the number of invading cells was counted under the microscope (Olympus, Japan). Experiments were performed in triplicates and repeated three times.

TOP: FOP Flash Assays {#s0075}
---------------------

The TOP Flash and FOP Flash plasmids used in this study were purchased from Millipore (USA) and the pRLSV40 plasmid (Promega, USA) containing the *Renilla reniformis* luciferase gene (RLuc) under the control of the SV40 virus promoter (kindly provided by Professor Bu in the Peking University First Hospital Central Laboratory) was used as control. The expressing plasmids pcDNA 3.1(+)-H19 and pcDNA 3.1(+) empty vector were purchased from Genepharma (China). Cells were transfected with 500 ng H19 or empty vector, 500 ng TOP Flash or FOP Flash vector, and 12 ng RLuc using Lipofectamine 3000.12 h after transfection, cells were incubated with indicated doses of 1,25(OH)2D3 or equal quantities of ethanol for 48 and the analysis of Luc and RLuc activities was performed using the Dual Luciferase Reporter Assay System (Promega, USA) and the Luc and Rluc activities were measured with Synergy H2 microplate reader (Bio Tek Instruments, USA). The Luc activity was then normalized to RLuc activity.

Immunofluorescence {#s0080}
------------------

Cells cultured on slides were treated as indicated above. Cellular localization of β-catenin was assessed by immunofluorescence as described previously [@bb0115]. Briefly, cells were rinsed with PBS and then fixed with acetone at −20°C for 5 min. Cells were then rinsed in PBS followed by blocking with 1% BSA for 2 h at room temperature. Subsequently, cells were incubated with 5 mg/mL mouse monoclonal anti-β-catenin (ThermoFisher, USA) overnight at 4°C. After being washed with PBS, filters were incubated with goat anti-mouse IgG conjugated to Alexa555 (Molecular Probes, USA) in 1% BSA for 1 h at room temperature. After being washed with PBS, cells were stained with DAPI. After being washed with PBS, cells were mounted using the Prolong Gold anti-fade reagent (Molecular Probes, USA) and stored at 4°C in dark until analyzed. The fluorescence was visualized under Fluoview 1000 confocal microscope (Olympus, Japan).

Tumorigenesis in Nude Mice {#s0085}
--------------------------

This study was performed following the guidelines of the China Laboratory Animal Management Committee and the study has been approved by the institute review board at Peking University First Hospital. Male nude mice (3 weeks old) were purchased from Vital River Inc. (Beijing, China) and raised in the containment unit of the Laboratory Animal Center at the Peking University First Hospital. The mice were allowed to adapt to the environment for 1 week before any treatment. DLD-1 cells (2 × 10^6^ cells/mouse, 0.2 ml PBS) with stably transfection with H19 or empty vector were subcutaneously injected into the flank fat pads of 4-week-old male nude mice. 1,25(OH)2D3, diluted with propylene glycol (PG), was injected *i.p.* at 0.5 μg/kg body weight every twice day and equal quantities of PG were used as negative control. Tumor volume was monitored every 3 days with the method as described previously [@bb0125]. The mice were euthanized 3 weeks after injection and the tumors were removed and weighed.

Statistical Analysis {#s0090}
--------------------

The results were expressed as mean ± standard error of the mean (SEM) and analyzed using a Student *t* tests for unpaired data and ANOVA to compare groups whenever required (GraphPad Prism version 5.0, *CA*). *P* \< .05 was used to indicate statistical significance.

Results {#s0095}
=======

1,25(OH)2D3 Down-Regulates the Expression Level of H19 in Colon Cancer Cell Lines {#s0100}
---------------------------------------------------------------------------------

DLD-1 and HT-29 cells were incubated with increasing doses of 1,25(OH)2D3 (1, 10, 100 nM) for 48 h before the expression level of H19 was investigated by qRT-PCR. The results suggested that 1,25(OH)2D3 down-regulated the expression level of H19 in both DLD-1 and HT-29 cells significantly in a dose-dependent manner (*P* \< .05) ([Figure 1](#f0005){ref-type="fig"}*A*). The results of Western blot suggested that 1,25(OH)2D3 increased VDR signaling in a dose-dependent manner, featured by increased level of VDR, which validated the increased VDR signaling elicited by 1,25(OH)2D3 ([Figure 1](#f0005){ref-type="fig"}*B*).

VDR Signaling Inhibits the Expression of H19 by Regulating the C-Myc/mad-1 Network {#s0105}
----------------------------------------------------------------------------------

Previous reports have illustrated the role of VDR as a master regulator of C-Myc/Mad-1 network in tongue cancer cells [@bb0120]. The expression of H19 has been reported to be regulated by the C-Myc/Mad-1network and the C-Myc binding E-box has also been validated in the promoter of H19 [@bb0130]. Taken these previous studies into consideration, the role of C-Myc/Mad-1 in the inhibitory effect of VDR signaling on the expression of H19 was further investigated. The results suggested that 1,25(OH)2D3 decreased the level of C-Myc and increased the nucleus level of Mad-1 in a dose-dependent manner, indicating a potential role of C-Myc/Mad-1 network underlying the effect of VDR signaling on the expression level of H19 ([Figure 2](#f0010){ref-type="fig"}, *A* and *B*). EMSA assays suggested that 1,25(OH)2D3 significantly inhibited the level of C-Myc conjugated with E-box sequence in the promoter region of H19 ([Figure 2](#f0010){ref-type="fig"}*C*). ChiP assays suggested that 1,25(OH)2D3 blocked the binding of C-Myc and increased the binding of Mad-1 with the E-box region in the promoter of the H19 gene in a dose-dependent manner ([Figure 2](#f0010){ref-type="fig"}*D*). These results suggested that VDR signaling inhibited the expression of H19 by regulating the C-Myc/Mad-1 network.

The Correlation Between the Expression of VDR and H19 in Primary Colon Cancer Tissues and Colon Cancer Cell Lines {#s0110}
-----------------------------------------------------------------------------------------------------------------

The expression level of VDR and H19 was investigated in 24 independent colon cancer tissues and their paired adjacent normal tissues and the results suggested that the expression of H19 was negatively correlated with the expression of VDR in colon cancer tissues (*r* = 0.3221, *P* \< .05) ([Figure 3](#f0015){ref-type="fig"}*A*). The expression level of H19 was also found to be negatively correlated with the expression level of VDR in 6 colon cancer cell lines (*r* = 0.3782, *P* \< .05) ([Figure 3](#f0015){ref-type="fig"}*B*). Together, these results validated the negative correlation between the expression of H19 and VDR signaling in colon cancer.

H19 Overexpression Inhibited the Expression of VDR Through *miR-675-5p* {#s0115}
-----------------------------------------------------------------------

*MiR-675-5p*, transcribed from the first exon of H19, has been reported to mediate the function of H19 in multiple kinds of tissues. The above mentioned negative correlation between the expression of VDR and H19 bought the possible action of H19 on the expression of VDR into our attention. A potential binding site of *miR-675-5p* was identified in the 3′UTR of VDR mRNA utilizing the online prediction system "*Targetscan*" ([Figure 4](#f0020){ref-type="fig"}*C*). Transfection with H19 expressing plasmid significantly increased the level of H19 in both cell lines (Supplementary Figure 1). H19 overexpression significantly inhibited the expression of VDR in both cell lines ([Figure 4](#f0020){ref-type="fig"}*A*). This inhibitory effect was significantly although not totally abrogated by co-transfecting miR-675-5p inhibitors ([Figure 4](#f0020){ref-type="fig"}*B*). Transfection with *miR-675-5p* mimics significantly increased the level of *miR-675-5p* (Supplementary Figure 2) and down-regulated the expression of VDR in both cell lines ([Figure 4](#f0020){ref-type="fig"}*D*). Luciferase assays suggested that transfection with miR-675-5p mimics significantly decreased the relative luciferase activity of the pGL3-VDR-3′UTR construct in both cell lines, transfection with *miR-675-5p* inhibitors, however, significantly increased the luciferase activity in both cell lines ([Figure 4](#f0020){ref-type="fig"}*E*). These results suggested that H19 overexpression induced decreased expression of VDR through *miR-675-5p*.

H19 Overexpression Abrogated the Inhibitory Effect of 1,25(OH)2D3 on the Proliferation and Migration of Colon Cancer Cells {#s0120}
--------------------------------------------------------------------------------------------------------------------------

1,25(OH)2D3 has been reported to inhibit the proliferation and metastasis of colon cancers cells. However, colon cancer cells with advanced malignancy have been reported to be resistant to 1,25(OH)2D3. Based on the results mentioned above, the effect of H19 overexpression on the effect of VDR signaling on the colon cancer cells was further investigated. The results suggested that, H19 overexpression abrogated the inhibitory effect of 1,25(OH)2D3 on the proliferation and migration of the 1,25(OH)2D3 sensitive cells HT-29 and DLD-1 ([Figure 5](#f0025){ref-type="fig"}, *A* and *B*).

The inhibition of Wnt/β-catenin pathway mediated by VDR signaling has been reported as one of the major mechanisms underlying the antineoplastic effect of 1,25(OH)2D3 on colon cancer cells. Thus, the transcriptional level of β-catenin was investigated in DLD-1 cells after treatment with 1,25(OH)2D3 with or without H19 overexpression utilizing TOP: FOP flash assays. The results suggested that H19 overexpression significantly abrogated the inhibitory effect of 1,25(OH)2D3 on the β-catenin/TCF transcriptional activity ([Figure 5](#f0025){ref-type="fig"}*C*). The results of immunofluorescence was also in accordance with the results of TOP: FOP flash assays, indicating that the redistribution of β-catenin from the nucleus to the plasma membrane induced by 1,25(OH)2D3 in mock cells did not take place in cells with H19 overexpression.

H19 Overexpression Induced Resistance to 1,25(OH)2D3 *In Vivo* {#s0125}
--------------------------------------------------------------

DLD-1 cells stably expressing H19 or empty vector were subcutaneously injected into nude mice. Mice were treated with indicated doses of 1,25(OH)2D3 or equal quantities of propylene glycol (PG) as control and tumor growth was monitored every 3 days. After 3 weeks, mice were euthanized and tumors were weighed. The results suggested that 1,25(OH)2D3 significantly inhibited the growth of tumor in DLD-1/vector transfected mice, which did not take place in DLD-1/H19 transfected mice ([Figure 6](#f0030){ref-type="fig"}*A*). No significant difference was observed between the weight of tumors collected from mice transfected with DLD-1/H19 plus treatment with 1,25(OH)2D3 and mice transfected with DLD-1/H19 treated with propylene glycol. The growth curve suggested that tumors grew faster in mice transfected with DLD-1/H19 compared with DLD-1/vector transfected mice. Furthermore, the growth curve suggested that tumors in mice transfected with DLD-1/H19 were resistant to the treatment with 1,25(OH)2D3 ([Figure 6](#f0030){ref-type="fig"}*B*). The results of qRT-PCR and western blot also validated the negative correlation between H19 and VDR signaling *in vivo* ([Figure 6](#f0030){ref-type="fig"}, *C* and *D*). Together, these results suggested that H19 overexpression induced resistance to the treatment of 1,25(OH)2D3 in DLD-1 cells *in vivo*.

Discussion {#s0130}
==========

H19 overexpression has been found to be related with the initiation and development of multiple kinds of cancer and *miR-675-5p*, transcribed from the first exon of H19, was found to be the main mechanism underlying the effect of H19 [@bb0135], [@bb0140]. Song et al. reported that there was more than 8 fold increased expression of H19 in gastric tumor tissues compared with paired normal tissues [@bb0145]. Increased expression of H19 has also been reported to be significantly related with early recurrence of bladder cancer and could be considered as a predictive marker for poor prognosis [@bb0070]. Recently, Zhou et al. reported that plasma H19 expression enabled the differentiation of early stage gastric cancer from controls with AUC of 0.877; sensitivity, 85.5%; specificity, 80.1% [@bb0150]. However, the mechanism underlying the role of H19 in the tumorigenesis of colon cancer remains to be elucidated.

Recently, lnc RNA profiling of VDR−/− mice revealed the potential correlation between H19 and VDR signaling [@bb0105]. Considering the emerging role of vitamin D as an important target for the development of novel therapy for colon cancer, investigating the correlation between H19 and VDR signaling and the underlying mechanisms may provide new insights into the development of therapeutic approaches for colon cancer. In the current study, the correlation between H19 and VDR signaling was investigated in colon cancer tissues and colon cancer cell lines and the mechanism and implication of this correlation was further investigated both *in vitro* and *in vivo.*

The results suggested that 1,25(OH)2D3 down-regulated the expression of H19 in a dose-dependent manner in both cell lines, indicating the inhibitory effect of VDR signaling on the expression of H19. The results suggested that 1,25(OH)2D3 blocked the binding of C-Myc and increased the binding of Mad-1 with the E-box region of the promoter of the H19 gene in a dose-dependent manner *via* VDR signaling. Together, these results indicate that VDR signaling is able to inhibit the expression of H19 through regulating C-Myc/Mad-1network.

H19 was found to be significantly increased in tumor tissues compared with normal tissues and VDR was found to be significantly decreased in tumor tissues compared with normal tissues and a negative correlation between the expression of H19 and VDR was observed in 24 independent colon cancer tissue samples. This negative correlation was also confirmed by the results collected from 6 colon cancer cell lines.

Considering this negative correlation and the plethora of proteins regulated by H19-*miR-675-5p* axis, the possible inhibitory effect of H19 overexpression on VDR was further investigated in this study. The results of western blot and luciferase assays indicated that H19 overexpression was able to induce decreased expression of VDR through *miR-675-5p*.

In the recent decades, plethora of studies have revealed the potential of 1,25(OH)2D3 and its analogs as a new therapy for multiple types of cancer including colorectal cancer [@bb0155], [@bb0160]. The mechanisms of the anti-neoplastic effect of 1,25(OH)2D3 can be very complex including inhibiting Wnt/β-catenin pathway, inhibiting the epithelial to mesenchymal transition (EMT) process, regulating the cell cycle and so on [@bb0165], [@bb0170], [@bb0175]. However, colon cancer cells at advanced stage often showed resistance to the treatment of 1,25(OH)2D3, due to the decreased expression of VDR with the development of cancer [@bb0180]. Currently, the mechanism underlying the decreased expression of VDR in advanced stage of colon cancer remains to be elucidated.

The results mentioned above in the current study indicated that H19 overexpression might be one of the mechanisms underlying the decreased expression of VDR in colon cancer cells and we set out to test the implication of this negative correlation between H19 and VDR signaling in the proliferation and migration of colon cancer cells both *in vitro* and *in vivo*. The results suggested that HT-29 and DLD-1 cells overexpressing H19 lost sensitivity to the treatment of 1,25(OH)2D3 compared with cells transfected with empty vector. 1,25(OH)2D3, at 100 nM, failed to inhibit the proliferation and migration of HT-29 and DLD-1 cells overexpressing H19. The results of TOP:FOP assays and immunofluorescence suggested that H19 overexpression abrogated the inhibitory effect of 1,25(OH)2D3 on the transcriptional activity and nuclear level of β-catenin, which might be one of the mechanisms underlying the development of increased tumorigenesis elicited by H19 overexpression.

The negative correlation between H19 and VDR signaling was further validated utilizing tumor xenograft model. The results suggested that 1,25(OH)2D3 significantly inhibited the proliferation and the expression level of H19 in DLD-1 cells stably expressing empty vector. DLD-1 cells stably expressing H19, however, showed resistance to the treatment of 1,25(OH)2D3 and the expression level of VDR was also significantly decreased in DLD-1cells overexpressing H19. These results were in accordance with the results collected *in vitro*, indicating that H19 overexpression might be an important mechanism underlying the development of resistance to the treatment of 1,25(OH)2D3 in the development of colon cancer.

In conclusion, this study illustrates the negative correlation between H19 and VDR signaling. VDR signaling was able to inhibit the expression of H19 by regulating the C-Myc/Mad-1 network. H19 overexpression, on the other hand, was able to down-regulate the expression of VDR through *miR-675-5p*. This correlation might play a vital role in the development of resistance to 1,25(OH)2D3 in the advanced stage of colon cancer and bring new insight into the development of potential therapeutic targets for colon cancer.
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![1,25(OH)2D3 decreased the expression of H19 in a dose-dependent manner. A, The expression level of H19 after treatment with increasing doses of 1,25(OH)2D3 for 48 h. B, The level of VDR after treatment with increasing doses of 1,25(OH)2D3 for 48 h. Cells treated with equal quantities of ethanol served as control (\**P* \< .05, *vs* control). All experiments were performed in triplicate and repeated at least three times. Results were expressed as mean ± SEM (n = 3).](gr1){#f0005}

![VDR signaling inhibits the expression of H19 by regulating the C-Myc/Mad-1 network in colon cancer cells. A, The level of C-Myc after treatment with increasing doses of 1,25(OH)2D3 for 48 h. B, The nucleus level of Mad-1 after treatment with increasing doses of 1,25(OH)2D3 for 48 h. Cells treated with equal quantities of ethanol served as control. C, Nuclear protein of DLD-1 cells was collected 48 h after treatment with increasing doses of 1,25(OH)2D3 (0,1,10,100 nM) and EMSA assays were performed. 1,25(OH)2D3 inhibited the level of C-Myc conjugated with E-box sequence in the promoter region of H19 in a dose-dependent manner. D, ChiP and Re-ChiP assays were performed in DLD-1 cells after treatment with increasing doses of 1,25(OH)2D3 for 48 h as described in the section of materials and method. 1,25(OH)2D3 decreased the binding of C-Myc and increased the binding of Mad-1 to the E-box in the promoter of H19 as assessed by real-time PCR following CHiP assays. Re-ChiP assays were performed by immunoprecipitation with an anti-VDR antibody followed by immunoprecipitation of C-Myc or Mad-1 and the results suggested that 1,25(OH)2D3 decreased the association of C-Myc with VDR and increased the association of Mad-1 with VDR in a dose-dependent manner (\**P* \< .05, *vs* control). All experiments were performed in triplicate and repeated at least three times. Results were expressed as mean ± SEM (n = 3).](gr2){#f0010}

![Negative correlation between the expression of VDR and H19 in primary colon cancer tissues and colon cancer cell lines. A, Negative correlation between the expression of VDR and H19 in primary colon cancer tissues (r = 0.3221, *P* \< .05). B, Negative correlation between the expression of VDR and H19 in 6 colon cancer cells lines (r = 0.3221, *P* \< .05).](gr3){#f0015}

![H19 overexpression decreased the expression of VDR through *miR-675-5p*. A, Total protein was collected 72 h after transfection with H19 expressing vector or empty vector (mock) and western blotting was performed as described in the section of materials and method. H19 overexpression significantly decreased the expression of VDR in both cell lines. B, Total protein was collected 72 h after transfection with H19 or empty vector (mock) and *miR-675-5p* inhibitors or negative control oligonucleotides and western blotting was performed as described in the section of materials and method. *MiR-675-5p* inhibitors significantly attenuated the inhibitory effect of H19 overexpression on the expression of VDR. C, Predicted binding site of miR-675-5p in the 3′UTR of VDR mRNA. D, Total protein was collected 72 h after transfection with *miR-675-5p* mimics or negative control oligonucleotides and western blotting was performed as described in the section of materials and method. MiR-675-5p mimics (MiR-675) significantly decreased the expression of VDR in both cell lines compared with negative control (Mock). E, pGL3-VDR-3'UTR construct or pGL3-VDT-3′UTR-MUT construct was transfected into both cell lines with either *miR-675-5p* mimics or inhibitors with negative control RNA oligo nucleotides relatively serving as control. Luciferase activity was collected 48 h after transfection respectively. MiR-675-5p mimics induced significantly decreased luciferase activity compared with control (*P* \< .05). MiR-675-5p-inhibitors induced significantly increased luciferase activity compared with control (*P* \< .05). Results were expressed as mean ± SEM (n = 3). (\**P* \< .05, *vs* control).](gr4){#f0020}

![H19 overexpression abrogated the inhibitory effect of 1,25(OH)2D3 on the proliferation, migration and the β-catenin/TCF transcriptional activity in colon cancer cells. A, 1,25(OH)2D3 significantly inhibited the proliferation of DLD-1 and HT-29 cells which were transfected with empty vector. The inhibitory effect didn\'t take place in cells transfected with H19. B, 1,25(OH)2D3 significantly inhibited the migration of DLD-1 and HT-29 cells transfected with empty vector featured by decreased cell numbers in transwell assays. The inhibitory effect didn\'t take place in cells transfected with H19. C, DLD-1 were transfected with either mock or H19 expressing vector and the transcriptional activities of β-catenin/TCF complexes were measured after transfection with either the TOP Flash or FOP Flash reporter vector and treatment with 100 nM 1,25(OH)2D3 or equal quantities of ethanol. H19 overexpression abrogated the inhibitory effect of 1,25(OH)2D3 on the transcriptional activity of β-catenin/TCF complexes in DLD-1 cells. D, Immunofluorescence of β-catenin in mock and H19 cells after treatment with either 100 nM 1,25(OH)2D3 or equal quantities of ethanol for 48 h. Nucleus were stained with DAPI. The redistribution of β-catenin from the nucleus to the plasma membrane induced by 1,25(OH)2D3 in mock cells did not take place in cells with H19 overexpression (\**P* \< .05, *vs* control). All experiments were performed in triplicate and repeated at least three times. Results were expressed as mean ± SEM (n = 3).](gr5){#f0025}

![H19 overexpression induced resistance to the treatment with 1,25(OH)2D3 *in vivo*. A, 1,25(OH)2D3 significantly inhibited the proliferation of cells stably expressing empty vector. The inhibitory effect didn\'t take place in cells stably expressing H19. The weight of tumors of mice/H19 cells were significantly increased compared with tumors of mice/mock cells (\**P* \< .05, *vs* Mock + PG). B, The tumor growth curves of DLD-1 cells with stable overexpression of vector or H19 and treatment with 1,25(OH)2D3 or PG showed the same results as cell proliferation assays *in vitro*. H19 overexpression abrogated the inhibitory effect of 1,25(OH)2D3 on the proliferation of DLD-1 cells. C, Total RNA of tumors of mice/mock cells treated with either 1,25(OH)2D3 or PG was collected and real-time PCR was performed to measure the expression level of H19. Treatment with 1,25(OH)2D3 significantly inhibited the expression level of H19 *in vivo*. D, Total protein of tumors of mice/mock and mice/H19 treated with PG was collected and western blotting was performed to investigate the expression of VDR. H19 overexpression significantly inhibited the expression of VDR *in vivo* (\**P* \< .05, *vs* control). All experiments were performed in triplicate and repeated at least three times. Results were expressed as mean ± SEM (n = 3).](gr6){#f0030}
